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Abstract
This thesis describes an experimental investigation of the flow in a vessel stirred by a
PBT (Pitch Blade Turbine) with blades inclined at 45◦. Full 3 dimensional phase resolved
measurement of velocity and vorticity fields and turbulence level were obtained with a Laser
Doppler Anemometer (LDA) at Re= 1200. The working fluid was a mixture of Glycerol
(80%) and distilled water ((20%)) with a dynamic viscosity, ν , of 60.1 mPa×s at 20 ◦C (
±1◦C).
In the present work cylindrical coordinate have been used. The result show gradient of
flow velocity and the vorticity by means of plots in the planes (θ :z), (r:z), (r:θ ). A very fine
mesh with a step of 0.0066 D was used over a range 0.3095 < zT < 0.5616, 0.1522 <
r
T <
0.3120 with 0◦ < θ < 90◦. 3600 point were taken in 3452,1 mm2.
The size, shape and position of the two control-rotating vortices behind each blades of
impeller was determined. The data accurately identify flow regions where intense turbulence
is present and thus give useful indication for the optimization of mixing processes.
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Chapter 1
Introduction
1.1 Background
Mixing in agitated tanks is part of the infrastructure of the chemical, petrochemical and
biochemical industries. Consequently a large number of investigations has been carried out
to determine and optimize mixing performance in order to minimize loss of time, waste of
material and power consumption. Nevertheless the design of stirred reactors is still subject
to substantial approximations and uncertainties that result in economic losses estimated in
the range of a few billion dollars per annum in the USA alone (Tatterson, 1994). Similar
considerations apply also to other industries such as the pharmaceutical industry where an
improved mixing performance may save costs due to poor yield and/or scale up an process
development problems, as well as those related to lost opportunity as mixing problems may
prevent new products from ever reaching the market.
The single phase flow in stirred vessels have been studied in past ( Van der Mollen
and Van Maneen, 1978; Yianneskis (1987); Costes and Couderc (1988); Wu and Patterson
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(1989); Jaworsky (1991)). Moreover time phenomenal such as Trailing Vortex and Macro-
instabilities are known by ( Yianneskis (1987); Escudie (2004)) and (Nikiforaki (2003); Gal-
letti (2004)) respectively.
The motivation for the present study has been based on to want a view more detailed
about the Trailing Vortex behind each blades of impeller.
The impeller are classified in two different group, depend of the ratio DT with D = φ
impeller and T = φ vessel.
1. SLOW IMPELLER with DT ≈1. They are composed to the complex structure similar
to net. They are used for have a good mixing near to the wall of vessel and with a fluid
many viscous.
2. FAST IMPELLER with DT = 0.2-0.5. They are composed to a serial of blade around a
shaft. Depend of the flow in out-put, they are separated in another two categories:
• RADIAL IMPELLER with radial flow and double-loop. The flow are divided
in two flow, one towards the top of vessel and one towards the bottom. In this
category there is the Rushton Turbine (figure 1.1).
• AXIAL IMPELLER with axial flow and single-loop. There is only one flow
and it is moved, through the blade, towards the bottom and after along the wall of
vessel towards the top (down-pumping). In opposes direction for the up-pumping
mode. In this category are more important the hydrofoil (they are used in engi-
neering navy) and the Pitch Blade Turbine (figure1.2).
10
Figure 1.1: rushton turbine
Figure 1.2: PBT
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1.2 Literature review
This section provides a comprehensive review of the literature about to the present study.
Some LDA studies have also been made for vessels equipped with axial impellers such
as down pumping PBT by Shaffer (1998), and Kresta and Wood (1993) but many important
articles of this studies are illustrated in tabular 1.1.
The PBT are commonly used in industrial mixing applications, because they are more ef-
ficient then Rushton turbine, for processes requiring solid suspension (Zwietering, 1958)(Rao,
1988) but they are also used in gas dispersion system. The trailing vortex formed behind the
blades have a low pressure core, these low pressure regions do not contribute to the drag
portion of the power consumption of the impeller (Tay and Tatterson, 1985) but may mix
spreaded gas to form gas cavities behind the blades. The trailing vortex has been identified
as very important for mixing and sheet production in liquid-liquid dispersion, Ali (1981)
and Sheu (1982) who showed that the trailing vortex system is the best flow mechanism
responsible for dispersion.
Armstrong and Ruszkowski (1987) reported the mean axial and tangential velocities in
the stream emerging from a 45◦ PBT , they found that the tangential velocity is proportional
to the radius, and that the axial mean velocity arrived a maximum of 0.5 Vtip. Hockey and
Nouri (1996) employed a six blade 60◦ PBT and measured mean and rms velocities in the
volume flow and around the turbine using angle resolved LDA techniques, and reported a top
velocity of 0.55 Vtip.
Ali (1981) observed that only a single trailing vortex was formed at the trailing border of
a four blades 45◦ PBT, while Kresta and Wood (1993) reported that a trailing vortex extended
over the 20% of the blade was formed at the lower point of the blade and a smaller one of
12
type of impeller technique T(m) C D Re
Kresta and Wood PBT
(1993) 4 blades LDA 0.152 T/4 T/2
down-pumping
Zhou and Kresta (1996) PBT
4 blades LDA 0.240 T/3 T/3
down-pumping
Schafer (1998) PBT
4 blades LDA 0.152 T/3 T/3 7300
down-pumping
Sheng (2000) PBT
4 blades PIV 0.292 0.46T 0.35T
down-pumping
Khan (2005) PBT
6 blades PIV 0.300 T/3 T/3
down-pumping
Gabriele (2009) PBT
6 blades PIV 0.150 T/4 0.45T 22800
up & down-pumping
Present Work PBT
4 blades LDA 0.294 T/2 T/2 1200
down-pumping
Table 1.1: comparison of experimental condition
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the top corner of the blade.
Khan (2006) considered the kinetic energy balance around the impeller to determine the
fraction of total energy dissipater in the impeller region.
The Reynolds number is the very important parameter. The Re has been selected to have
a laminar flow with the axial flow. About this problem Nouri and Whitelaw (1990) have
reported a change in mean flow pattern produced by PBT with Re. Hockey (1990) also
reported a similar change from radial to axial flow with 45◦ and 60◦ PBT, which D = 144
mm and Re between 490 and 650. Hockey and Nouri (1996) reported a sudden drop in the
power number measured which was associated with the transition of the flow pattern from
radial to axial flow with Re = 1200. The structure had D = T/3, six blades with 60◦ and T
= 294 mm. Distelhoff (1995) power measurements showed a similar transition in Re = 650
with a similar 60◦ PBT but with T = 144 mm. Tatterson and Stanford (1981) reported that
the flow produced with 45◦ four blades PBT and T = 914 mm. The flow was completely
laminar when the Re = 1200. This discussion will be continued in the second chapter when
the impeller dimension will be decided.
1.3 Main findings
The main findings of the preceding literature review can be summarized as follows:
• The major part of articles makes a studies about the trailing vortex with Re>7.000
• In all works the mesh of the point is not more intensive and consequently the results
are not specify. Usually the mash characterized all vessel and not a particular zone
where there are the vortex.
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• not many study about this
1.4 Objectives
Hight resolution 3D LDA measurement to fully characterize the vortex dynamics produced
by a PBT down-pumping turbine at low Re = 1200.
• mesh to much intense
• laminar status
• low Re
• single loop
• down-pumping
1.5 Thesis outline
The remainder of this thesis is subdivided in five chapters. In the following chapter the Ex-
perimental rig and the LDA (Laser Doppler Anemometer) used for the present investigation
are describe. In the same chapter the summary of error is showed. In the chapter tree the
Data post-processing techniques are explained and along its the λ2 technique is more ex-
plain. While chapter 4 describes the trailing vortex of PBT at Re= 1200 and the velocities
of flow around the blades are showed in tree different plain to have a best visualization of
them. Finally a brief overview of the research carried out, the main findings of the present
investigation and recommendations for future work are given in the last chapter.
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Chapter 2
Experimental Rig and Laser Doppler
Anemometer
2.1 Introduction
The aim of this chapter is to provide a description of the experimental apparatus. The flow
has been generated by a Pitched Blade Turbine (PBT) in a stirred vessel, and a laser Doppler
anemometer (LDA) has been used to measure the velocity components.
In the first part the PBT and vessel configurations are described in detail, while the sec-
ond part focuses on the Laser-Doppler anemometry (LDA) used to carry the experiments.
The principles of LDA, the probe configuration and the signal processing procedures are
explained in detail in section 2.3 2.4 and 2.5. In the final part of the chapter the different
sources of error affecting the velocity measurements are examined in depth.
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Vessel PBT Impeller
Tank inner 294 mm T Diameter 147 mm ≈ 0.5T
diameter
Liquid 294 mm H=T Height of 29.4 mm ≈ 0.2T
level blade
Baffle 30 mm B ≈ 0.1T Impeller 147 mm C ≈ 0.5T
width clearance
Baffle 3 mm ≈ 0.01T PBT 45◦ respect− to
thickness angle Y −axis
Shaft 10 mm d ≈ 0.333 T
diameter
Table 2.1: Vessel and Impeller dimensions
2.2 The Mixing System
Several stirred vessel configurations with one, two or three impellers are generally used for
chemical and biochemical processes. However, in the present work, a standard configuration
with a simple impeller have been investigated. A standard stirred vessel is shown in figure
2.1, and the main geometrical parameters are listed in table 2.1:
The sketch in figure 2.1 shows the cylindrical coordinate system which has been used
for the measurements, with the radial , tangential and axial coordinates denoted as, r, θ
respectively and z.
The origin of this coordinate system is located at the center of the bottom of the vessel
and the origin θ = 0 corresponds to the plane bisecting the sector between two consecutive
baffles. In order to facilitate the comparison with other works, the coordinates were normal-
ized by the tank inner diameter (T ) so that non-dimensional coordinates r/T , rθ/T , z/T will
used in the rest of the thesis.
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2.2.1 The Stirred Vessel
As mentioned previously a standard vessel configuration was used for this work. The cylin-
drical and bottom surfaces of the tank were made of glass so as to have optical access for
the LDA system. A lid covered the tank at the top to avoid air entrainment, as bubbles may
interfere with the laser the beams. It should be pointed however that (Galletti, 2005) did not
observe any significant difference on the mean and rms levels between the close and open
configurations. To minimize refraction the vessel was encased in a squared trough made of
glass, and filled with the same working fluid of the tank.
2.2.2 The Impeller
In the present work the impeller that has been used is a PBT (pitched blade turbine). A sketch
of a PBT with 4 blades inclined by 45◦ with respect to the horizontal axis is shown in figure
(2.2). It is usually classified as an axial flow impeller, however this behavior depends on D/T ,
C/T and Re. For example Bakker (1998) who used CFD (Computational Fluid Dynamics)
to study the flow pattern generated by a 45◦ four blades PBT determined that the impeller
discharge stream was directed radially for Re < 400, while for higher Re (400 < Re < 1200)
it was mainly axial. A similar flow transition was also indicated by Hockey and Nouri (1996)
who measured the power number for a 200< Re< 200000 in a tank of T = 294 mm equipped
with a six blades 60◦ PBT of diameter D = T/3 and C = T/3.
Re =
N D2
ν
(2.1)
For Re = 1200 a 12 % drop of the power number was observed by Hockey and Nouri
(1996) which was caused by a change of flow direction from axial to radial of the flow
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Figure 2.1: Geometrical characteristics of a standard stirred vessel equipped with PBT
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discharge. However these results are in contrast with the findings of Shaffer (1998) who
observed by means of flow visualization that the flow discharge produced by a 45◦ PBT was
directed axially or radially for Re > 510 and Re < 450 respectively. The flow stream was
unstable switching from radial to axial patterns for 450 < Re < 510.
To obtain on axial flow, the current experiments were carried out for Re = 1200. The
dimensions of the pitch blade turbine used are reported in Table 2.1.
2.2.3 The Working Fluid
The aim of the project was to obtain tree dimensional velocity measurements in the impeller
stream for Re = 1200, that corresponds to a laminar flow in nearly every regions of the tank.
To achieve this objective and at the same time have an optimal LDA data-rate, the working
fluid selected was a mixture of glycerol (80%) and still water (20%) with the following
characteristics:
• ρ = 1.2085 g
cm3
• µ = 60.1[mPa s]
at a working temperature of 20◦ C. The working temperature is a very important param-
eter as the glycerol’s dynamic viscosity is very sensitive to temperature variations. At 10◦C
a twofold increase of dynamic viscosity, 116 [mPa s] occurs, while at 30◦ C the dynamic
viscosity is nearly half, 33.9 [mPa s]. The temperature inside the vessel has been checked
continually along the study.
The relationship between N, Re, ν and D is the following are:
20
Figure 2.2: Geometrical characteristics of the pitched blade turbine
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N =
Re ν
D2
(2.2)
Table 2.2 shows the different characteristics between distilled-water and a mixture of
20% water and 80% glycerol . It is possible observe that for a Re = 1200 the rotational
speed of the impeller should have been 3.33 rpm if the working fluid were water. This is
very impractical as the fluid velocity would have been extremely slow ( Vtip = 0.025 [ms ] )
resulting in a very low LDA data-rate. On the contrary it can be seen from Table 2.2 that
when the water-glycerol mixture was selected the impeller speed, and therefore the fluid
velocity, increase of nearly 50 times.
The glycerol is a newtonian-fluid. A Newtonian fluid is a fluid whose stress versus rate
of strain curve is linear and passes through the origin. The constant of proportionality is
known as the viscosity. For a Newtonian fluid, the viscosity, by definition, depends only on
temperature, pressure and an the chemical composition of the fluid if the fluid is not a pure
substance, and not on the forces acting upon it.
Glycerol−80%
Re Water Water−20%
ν = 1 cS µ = 60.1 mPa s
N (rpm) Vtip
(
m
s
)
N (rpm) Vtip
(
m
s
)
1000 2.77 0.021 138,09 1.06
1100 3.05 0.024 151.89 1.17
1200 3.33 0.025 165.70 1.28
1300 3.60 0.029 179.51 1.38
1400 3.88 0.030 193.32 1.50
1500 4.16 0.032 207.13 1.60
Table 2.2: Table of rpm and Vtip for different working fluids
The peak Data-Rate was around 350Hz (particle per second) near the blade tip, while
inside the impeller swept area it was lower. Similarly to (Nikiforaki, 2003) the statistical
errors was reduced by taking 100,000 velocity readings (approximately 1000 for each fase
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angle) for each velocity component in every point of measurement. Two sets of experiments
to measure simultaneously the radial-axial components and the radial-tangential ones were
taken across the mesh of measurement. To complete each set of experiment a period of four
months was necessary.
2.3 Experimental Apparatuses for Velocity Measurement
In the present work velocity measurements have been carried out to investigate the trailing
vortex produced by a 45◦ pitched blade turbine. There are different techniques that allow to
measure the velocity of a fluid :
• Hot-Wire Anemometry (HWA)
• Laser Doppler Anemometry (LDA)
• Particle Image Velocimetry (PIV)
The LDA is the measurement technique used in this work. The method estimates the ve-
locity of the flow from the measurement of the laser Doppler frequency of the light scattered
from particles added to the fluid. This is an non-intrusive optical technique.
More importantly the LDA provides high spatial and temporal resolution. In particular
the high temporal resolution can make LDA preferable to PIV, although, recently, PIV sys-
tems with high frame rates have come in commerce. Among the disadvantages, the technique
needs access to the flow, therefore windows and a transparent working fluid are necessary.
LDA is a one-point measurement system; if a characterization of the whole flow field is
needed, measurements have to be repeated in each locations. The LDA can be set up in
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many different optical configurations. The basic principles of operation of the fringe-mode
(or dual-beam) set-up employed in this study are explained in the following section. HWA
has been largely applied in the past. A major disadvantage of the technique is the inabil-
ity to measure the direction of the flow however HWA provides a continuous signal, which
allows to study the very small scale of a flow. In addition the presence of the probe may
significantly disturb the flow field. The PIV is a planar laser light sheet technique in which
the laser sheet is pulsed twice and images of fine particles seeded in the flow are recorded
with a video-camera and processed to obtain information of the instantaneous velocity field.
This technique differs from HWA and LDA as it allows measurements of the instantaneous
velocity field in a whole cross-section of the flow.
2.4 Principles of dual-beam LDA
When a dual-beam mode is used, two laser beams of equal intensity intersect at an angle θ
in the point where the velocity of the fluid is to be measured and a pattern of dark and bright
interference fringes is formed at the crossing point, as shown in figure 2.3. The orientation
of these fringes is parallel to the bisector of the angle between the intersecting beams. The
fringe spacing, d f (figure 2.5) depends on the angle of the intersecting beams, θ , and the
wavelength of the laser light, λ , and is given in equation 2.3.
d f =
λ
2sin θ2
(2.3)
The light scattered by the seeding particle is collected by a receiving unit which is con-
nected to a photo-detector which produces an output current proportional to the intensity of
the scattered light . Figure 2.4 shows the typical laser anemometer signal (Doppler burst)
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Figure 2.3: Sketch of an LDA probe (www.dantecdynamics.com)
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that is detected by an oscilloscope. The Doppler burst is for one particle crossing the fringes
and is made by a sinusoidal signal superimposed on a Gaussian profile, normally termed
the "pedestal" part of the signal. This electrical signal from the photo-detector can be used
to measure the Doppler frequency, fd , using an appropriate signal processor, and thus, to
determine the velocity of the fluid, V.
Figure 2.4: Doppler signal with (left plot) and without (right plot) pedestal
The shape of the measurement volume also denoted as control volume is elliptical, (Table
2.4 and figure 2.10). In its longest dimension, parallel to the beam bisector, the volume can be
0.1 to 1 mm long, depending on the lens and the intersection angle θ . When a particle carried
along with the fluid moves through the measurement volume with a certain velocity (assumed
to be identical to the fluid velocity) it scatters light from each bright fringe (figure 2.5). The
fringe pattern, consists of alternating zones of brightness and darkness. The fringe spacing,
d f , is the distance between two adjacent bright (or dark) fringes. As a particle crosses the
fringe pattern, the intensity of scattered light varies with the intensity of the fringes. Thus,
the amplitude of the signal burst varies with timescale d fV , where V is the velocity component
perpendicular to the fringe pattern. The frequency of the amplitude modulation is thus:
fd = Vd f =
2V sin θ2
λ (2.4)
The Doppler frequency is independent of the direction of the velocity V and therefore par-
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Figure 2.5: Fringe pattern and Doppler signal.
ticles moving with the same velocity normal to the fringe pattern but in opposite directions
will produce the same Doppler shift (figure 2.6). In order to resolve this directional ambi-
guity, the frequency of one of the incoming beams is shifted by a known value, fs = fshi f t .
This causes the fringe pattern to move at a speed Vshi f t = fs d f toward the incoming un-
shifted beam (figure 2.6). The frequency recorded by the photo detector is the one reported
in equation 2.5:
fd = fs +
2V sin θ2
λ (2.5)
The direction of the velocity can be determined from the value of fd . A particle moving
with a velocity V in/against the direction of translation of the fringes determines a doppler
frequency, fd , higher (positive V) or lower (negative V), than fs respectively. To avoid di-
rectional ambiguity, fs >> |(2Vλ )sin(θ)|, as shown in figure 2.6. The velocity V has been
computed from equation 2.6.
27
V = ( fd − fs) λ2sin θ2
(2.6)
Figure 2.6: Frequency shifting to avoid directional ambiguity
After the signal burst (figure 2.4) is detected by the PMT, three different processing
schemes can be used to determine fd .
1. A counter processor first isolates the modulation in the burst using a high pass filter,
and then counts the number of zero crossings in a unit of time.
2. A spectrum analyzer calculates the Fourier transform of the burst signal, and selects
the peak frequency as fd .
3. A correlation processor uses a correlation algorithm to determine fd .
In this work the second method was used.
The best scattering signals are obtained when the particle diameter is several times the
wavelength. However, the particle must be small enough to follow the flow. The particles
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scatter light in all directions (see figure 2.7), but according to the Mie theory the highest
intensity of scattered light can be collected in the front part of the particle (forward scatter).
Figure 2.7: Signal of particle scatter (www.dantecdynamics.com)
Less light is scattered in the other directions. However, position of the PMT for forward
scatter requires the PMT to be opposite to the light source. It is more convenient to use the
back-scattered light, figure 2.8, because this allows complete integration of the transmitting
and receiving optics in a single head. This is simpler for maintaining the alignment when
measuring multiple velocity components simultaneously. Because the arrival of each particle
is random, the time between velocity estimates is also random. So, the velocity is not evenly
sampled in time. In the following section, the laser Doppler anemometer used for this work
is described.
2.5 LDA’s Apparatus
The LDA apparatus includes the Laser, the Brag cell, optical fibres, transmitting and receiv-
ing optics ( Probe ), photo detector ( Photomultiplier ) and the signal processing apparatus.
The experimental apparatus is shown in figure 2.9.
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Figure 2.8: Sketch of a probe working in back-scatter
Figure 2.9: Sketch of total LDA apparatus with Laser, Bragg cell, Probe, Photo detec-
tor (PMT), seeding particles and the signal processing to obtain the velocity estimate
(www.dantecdynamics.com).
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The LDA employed is a commercial Dantec Ltd. system and includes three different
probes, one two dimensional (2 D) and two one dimensional (1D) probes, so that up to four
velocity components in the same or in different locations can be measured simultaneously.
The probes are designed two works in back-scatter mode: the devices transmitting laser
beams and receiving the scattered light are integrated in a single unit. A sketch of a single
Dantec probe working in back-scatter mode is shown in figure 2.8. The optical configuration
of the anemometer employed in this study is shown in the sketch of figure 2.8 and the tech-
nical characteristics of the equipment used are provided in table 2.3. It should be noted that
the angle of intersection between the beams is different in water and in air, as the beams pass
through media with different refractive index. The Doppler frequency does not depend on the
solid angle of observation but the intensity of scattered light does and therefore, the signal
to noise ratio is affected by the angle of observation. The transmitting optics were mounted
on an optical bench for proper alignment. The dimension of the measurement volume (el-
lipsoid) , defined at 1
e2
(13%) of the maximum beam intensity, for beams with a Gaussian
intensity distribution, can be calculated from the following equations:
by = b (2.7)
for the diameter in the plane of the fringes,
bx =
b
cos θ2
(2.8)
for the diameter normal to the plane of the fringes, and
bz = n
b
sin θ2
(2.9)
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for the length (equation 2.9), takes into account the elongation of the measurement vol-
ume due to refraction (n is the refractive index of water-glycerol mixture), where b is the
beams waist of the focused laser beams given by:
b = 4λ f
pib0E
(2.10)
In equation 2.10, f is the focal length of the lens employed, E is the beam expansion
factor (E=1.98) and b0 is the beam waist diameter before passing the focusing lens (table 2.3
and table 2.4).
U1 U2
Helium-Neon Laser
Wavelength λ 488 nm 514.5 nm
Focal length f 310 mm 310 mm
Beam Diameter b0 2.2 mm 2.2 mm
Expander Ratio 36.500 mm 36.500 mm
Power W 300 mW 300 mW
Table 2.3: Table with Technical Characteristics of the Laser Anemometer.
Control Volume U1 U2
Length bz 0.382 mm 0.409 mm
Diameter bx 0.045 mm 0.047 mm
Waist by 0.044 mm 0.047 mm
Half-Angle of Beam Intersection in Air θ 6.649 ◦ 6.649 ◦
Number of Stationary Fringes N◦ 21 21
Fringe Spacing λ ∗ 2.107 µm 2.222 µm
Table 2.4: Geometrical characteristics of the control volume.
The two beams focused in the volume and the light scattered by the seeding particles is
collected by the receiving optics and sent to a photomultiplier. The photomultiplier amplifies
the signal which is processed by a Burst Spectrum Analyzer (BSA) to determine the domi-
nant frequency fd in the spectrum of the burst corresponding to the velocity of the particle
that crossed the volume. The measured velocity is validated when the frequency fd is a least
four times higher than the second highest local peak in the spectrum of the burst. In the
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Figure 2.10: Dimension of control volume.
present work a 2D probe has been used in back scatter mode with a lens of focal length of
310 mm. As mentioned previously two sets of experiments with different probe configura-
tion were used. During the first set the laser beams entered the tank from the side and the
axial and tangential velocity components were measured simultaneously. In the second set
of experiment the laser beams entered from the window present on the bottom of the tank
and the radial and tangential velocity components were measured simultaneously.
Figure 2.11: Probe configuration to measure the axial and tangential components (left plot),
Probe configuration to measure the radial and tangential components (right plot).
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2.5.1 Laser
The laser employed was a LaserPhysics Argon-Ion, model Reliant 500m, that can provide
a maximum power of 300 mW. The wavelength spectrum covered by the laser ranges from
454.5 to 1094 nm. In the present system a transmitter box, positioned in front of the laser
contains a Bragg cell to split the incoming laser beam into two beams, one of which has been
shifted by 40Mhz and to separate the green (514.5 nm), blue (488.0 nm) and violet (476.5 nm)
wavelengths that are used when multi-component measurements are carried out (see figure
2.9). In this case three color filters were placed in front of the photo multiplier to separate the
signals coming from control volumes of different wavelength. The colors used in this work
are green and blue because only two velocity components were measured simultaneously.
2.5.2 Particles
The tracers used to carry out the experiments were silver coated hollow particles of 10µm
diameter. The neutrally buoyant particles were small enough to follow the flow accurately,
but at the same time large enough to scatter a sufficient amount of light to be detected by the
photo-detector unit. The particles stay in suspension more in glycerol than in water.
2.5.3 Photomultipliers
Two Dantec Photomultipliers, one for each colors, were used to carry out the experiments.
A photo of the photomultipliers is shown in figure 2.12.
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Figure 2.12: Dantec Photomultipliers.
2.5.4 BSA signal processor
Two Dantec Burst Spectrum Analyzers (BSA), one for each colours, were used to determine
the velocity components from the two Doppler burst recorded by the two PMT (see figure
2.13).
2.5.5 Personal Computer
Data Post Processing was made by using purpose-written routines in Matlab. The computer
used was a PENTIUM III PC (1000 MHz CPU and 512 MB of RAM)
Software
BSA Flow is the Dantec dynamics software and used to control the LDA hardware, acquire
the data and process it. The software includes many settings divided in two different types.
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Figure 2.13: Dantec BSA, oscilloscope and PC.
The first type of setting depends on the rig used. The parameters provided are the focal
length, expander ratio, beam diameter, wavelength and beam angle, which are related to the
dimension of the control volume. The second type of settings depends on the position of the
measurement point in the mesh. Every time the point is changed it is necessary to find the
new optimal settings of the parameters shown in table 2.5. To achieve a high data-rate and
validation it is necessary to change the Voltage and the Signal gain. A high voltage and high
Gain determined a higher data-rate but at the same time they introduce noise and reduces
the data Validation. Conversely to have higher data validation, near 100%, it is necessary to
reduce the gain and the voltage. However in this case the data-rate decreases and therefore
it is necessary to determine in each point of measurement on optimun setting which is a
compromise between data-rate and validation.
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BSA FLOW So f tware
Con f iguration System
BSA 1 and BSA 2 Tipical values
Range Center (m/s) 0.000−0.263−0.555
Range Span (m/s) 1.05−2.11
Record Length 32−64
High Voltage on/o f f yes/no
High Voltage (V ) 1704−1800−1904−2000
Signal Gain (dB) 20−25−27−30
Calibration (m/s/MHz) 1.00−2.11
Table 2.5: BSA flow setting window.
BSA FLOW So f tware
Con f iguration System
BSA 1 and BSA 2 Typical values out put
Data-rate (KHz) 0.030 =⇒ 0.450
Validation (%) 70 =⇒ 98
Record interval (us) 21.333−42.667
Table 2.6: BSA flow output window.
2.5.6 Oscilloscope
The Doppler bursts were monitored through an Oscilloscope (Tektronix tds 1012) to check
the signal to noise ratio and ensure that background noise did not exceed a threshold of
0.25 V . Bursts monitoring also allowed to assess that only one particle was crossing the
measurement volume. In addition, it was used to check the distance between the wall of the
vessel and the blade of the impeller and to measure the refractive index of Glycerol.
2.5.7 Encoder
An optical shaft Encoder was mounted on the shaft to know at each instant the position of the
impeller blades with respect to the control volume. The value of the time corresponding to a
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Figure 2.14: Oscilloscope.
complete revolution of the impeller was stored in the output (.txt) files. They were converted
in to angular position and rotational speed using the Matlab routines. The angular position
of the impeller was used to obtain phase-averaged measurements.
2.6 Alignment
To achieve a good signal and consequently improve the data-rate it is necessary to have a
high quality laser beams therefore it is necessary to align first the laser and successively the
probe (figure 2.9) . It is necessary to have a beam perfectly aligned between the laser box
and the bragg cell to permit it to split a beam in three different colour components. The
screw below the laser box enable to change the beam direction. After the Bragg cell the
three beams enter the optical fibres and in this point there are other five screw to each fibre
to set the beams direction. When the laser beams arrive into the probe the first part of the
alignment is finished. The lens inside the probe changes the direction of the beams to make
it cross and create the control volume. To achieve a good control volume it is necessary that
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Figure 2.15: Experimental arrangement showing the Encoder, pin hole, thermometer, probe
and laser beams.
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the two couples of beams cross in the same point. A pin hole (φ = 50 µm) (figure 2.15) has
been placed in front of the probe and a sheet of paper has been placed behind it. When all
beams can be seen on the paper, the alignment is achieved. To move the beams it is necessary
to move the lens by adjusting three screw for each beam.
2.7 Summary of Error
A number of experimental error sources contribute to the uncertainty of the LDA result.
These errors may be categorized as follows:
1. systematic errors inherent to the LDA velocity measurements
2. statistical errors
3. velocity bias error
4. traversing system and positional errors
Each of these error sources is analyzed below and an estimate is given whenever possible.
2.7.1 Systematic Errors Inherent to the LDA Velocity Measurements
From equation 2.6 it follows that the systematic error inherent in LDA velocity measure-
ments is largely affected by the accuracy with which the angle between the laser beams is
estimated. Therefore, it is always beneficial to measure the beam crossing angle experimen-
tally. This was achieved by projecting the laser beam onto a screen (paper sheet) positioned
at some distance from the point of intersection. The angle was determined by measuring
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the distance between the two projected points on the screen as the probe traveled along a
direction perpendicular to the screen.
It should be noted that the error made to identify the center of the projected points is
independent from the distance traveled by the traverse but depends only on the radium of
the projected beam. Therefore the maximum percentage error made on the estimation of the
distance between two points occors when the distance is minimum. The minimum distance
that was measured was 100 mm while the positional error of the projected beam was 1 mm.
Therefore the percentage error made on the distance estimate was 2 mm100 mm =
1
50 = 2 %.
It should be noted that the tang θ is proportional to the distance and that for signal angle θ ,
the percentage error on θ is still 2 %.
2.7.2 Statistical Errors
The statistical error associated with the uncertainty in the estimation of ensemble averaged
mean and rms values from a finite sample size, N, is given by Yanta (1981):
emean =
√
Zc
N
(
u′
u¯
)
(2.11)
erms =
√
Zc
N
(2.12)
where u′ is the fluctuation of the velocity due to turbulence and u¯ is the ensemble-
averaged mean velocity, N is the sample size and Zc is a function of confidence equal to
1.96 for 95% confidence levels. The corresponding statistical error for the phase averaged
mean and rms velocities (about the axial velocity z and the tangential velocity θ ) is showed in
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table 2.7. However, the values for the statistical error in the mean velocity are only estimates
as the turbulence intensity ratio varies considerably with location or phase.
Point N◦ 50 of sector N◦ 5, coordinata (Z = 140 mm , R = 57.25 mm)
φ u′z u′θ u¯z u¯θ Nz Nθ emean z emean θ erms z erms θ(
m
s
) (
m
s
) (
m
s
) (
m
s
)
% % % %
15 0.117 0.126 0.120 -0.106 971 974 1.32 2.76 4.49 4.49
30 0.098 0.122 0,103 -0.061 920 1088 1.19 2.07 4.62 4.24
45 0.095 0.124 0,075 -0.043 908 1125 1.25 1.93 4.65 4.17
60 0.091 0.121 0,047 -0.024 922 1109 1.29 1.77 4.61 4.20
75 0.098 0.106 0,002 0.042 1163 1249 1.44 1.19 4.11 3.96
90 0.082 0.171 -0,179 0.143 1833 1168 2.71 1.54 3.27 4.10
Table 2.7: Table of emean and erms.
From table 2.7 it is evident the current data were affected by a maximum error of 4.6 %
about the erms and 2.7 % about the emean.
2.7.3 Velocity Bias
The probability of high velocity particles crossing the control volume is higher than for
low velocity particles. As a result, a larger number of particles with high velocity (above
the mean) cross the measurement volume in a time interval T and a velocity bias towards
higher velocities occurs when estimating ensemble averages. Velocity bias can be important
in periodically varying flow. Balabani (1996) provides a discussion of possible correction
procedures and application of these corrections.
Weighting factors are used to compensate for the effect of the velocity bias during the
processing of the velocity samples. Form simple statistical quantities, such as the mean
velocity, the following method are used to avoid velocity bias:
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u¯bias =
∑Ni=1 ui ωi
∑Ni=1 ωi
(2.13)
where the subscription i denotes the i-th velocity reading, N is the total number of velocity
samples and ω is the weighting factor. Note that ω = 1 corresponds to the unweighted,
arithmetical average. A weighting method use the Transit Time, es weighting factor:
ω = T T (2.14)
The Table 2.8 show the percentage of difference of u¯bias respect u¯ in ten random points
of mesh. The percentage can have positive or negative values but they are never bigger than
10.7 %. In fact, with every points considered, the mean of the percentage of the difference
are 6 %.
Comparison o f di f f erent mode to count u¯
Z R u¯z u¯bias z ∆z u¯θ u¯bias θ ∆θ
mm mm
(
m
s
) (
m
s
)
%
(
m
s
) (
m
s
)
%
161 56.50 0.2616 0.2696 -3.05 0.2936 0.2559 9.70
160 57.25 0.2567 0.2697 -5.08 0.2804 0.2629 4.45
159 56.50 0.2672 0.2890 -8.18 0.3430 0.3707 -8.07
157 57.25 0.2775 0.2991 -7.77 0.3108 0.3091 0.56
0 57.25 0.3530 0.3673 -4.02 0.4922 0.4537 7.00
132 57.25 0.4028 0.4248 -5.47 0.6312 0.5638 10.70
130 59.50 0.3588 0.3721 -3.70 0.5303 0.4753 10.30
124 58.75 0.3763 0.3628 3.60 0.4590 0.4234 7.70
132 48.25 0.3786 0.3915 -3.40 0.5209 0.4719 9.40
128 49.00 0.3611 0.3562 1.30 0.4222 0.3863 8.30
mean 4.55 7.60
Table 2.8: Table to comparison of u¯ and u¯bias
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2.7.4 Traversing System and positional errors
The error in positioning the measurement volume in the flow field depends on the accuracy
of the traverse mechanism and the accuracy with which the measurement volume can be
positioned at reference points with respect to the three orthogonal directions. The accuracy
of the traverse table was 0.05 mm in all three directions.
Motor of Traversing System
The Traversing System is a gantry robot by Dantec. It use three motors, one for each axis,
and they move three helical worm gear, the x axis has the step half than the other two axes.
The Traversing System is controlled by the same BSA software used to process the Doppler
burst.
2.8 Concluding Remarks
The flow configuration studied have been described above along with the measurement tech-
niques employed. The main focus was on the LDA technique, which was the main experi-
mental technique employed. The procedures used to analyze the velocity data were briefly
described. The possible sources of errors in the LDA measurements were discussed and es-
timated. The overall error in the mean and rms velocities were estimate as 7.8% and 8.5%
respectively with the higher error occurring in regions with higher velocity gradients.
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Chapter 3
Data post-processing technique
Laser Doppler anemometry yields individual velocity measurement as particles pass ran-
domly through the control volume. The preceding chapter has focused on how to obtain
and process the Doppler signal in order to determine the velocity of individual realizations.
The discussion that follows is concerned with the analysis of velocity time series in order to
obtain the statistical properties of the fluctuating velocity.
3.1 Mean measurement
The method of analysis is to calculate the statistic of the velocity data over a large number,
N, of individual realizations. The mean, u, and the variance, u2, can be calculated from
equations 3.1 and 3.2:
u =
1
N
N
∑
i=1
ui (3.1)
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u2 =
1
N
N
∑
i=1
(ui−u)
2 (3.2)
It is noted that the mean and the variance calculated from equation 3.1 and 3.2 can be
assumed to correspond to time-averages Hinze (1975). A measure of the amplitude of the
velocity fluctuation can be obtained from the root mean square (rms) of the velocity time
series shown in equation 3.3.
urms =
√
u2 (3.3)
3.2 Phase measurement
Given the periodicity of the flow under study, the velocity series can be decomposed, accord-
ing to equation 3.4, in three elements:
u = u+ u˜+u′ (3.4)
The first term on the right side of equation 3.4, (u), is the ensemble-averaged mean
velocity that can be calculated from equation 3.1. The second term on the right side of
equation 3.4, (u˜), represents the periodic fluctuation of the flow due to the blade passage
and the third term on the right side, (u′), accounts for the random fluctuation of the velocity
present in a turbulent flow.
For example in the point 25 of the 9th mesh the triple decomposition is showed in figures
3.1 3.2 3.3.
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u, u˜ and u′ satisfy equation 3.5 were the over bar denoted the time-averages.
u˜ = u′ = u˜u′ = 0 (3.5)
A phase - averaged mean velocity 〈u〉 can be define as:
〈u〉=
1
Nϕ
Nϕ
∑
i=1
ui(ϕ) (3.6)
where ϕ refers to a particular phase interval in the velocity cycle and Nϕ is the number
of samples in each phase interval. The periodic component u˜ is then the difference shown in
equation 3.7:
u˜ = 〈u〉−u (3.7)
A phase-average has been possible because in the present work four blades is present.
With the help of encoder the phase-resolve has been possible and with the constant Rpm, the
angle and the time have been connected. The intensity of the random turbulent fluctuation of
the velocity at each phase interval, the phase averaged rms velocity can be calculated as:
u′ =
{
1
Nϕ
Nϕ
∑
i=1
[ui(ϕ)−〈u〉]2
}0.5
(3.8)
The phase information in the present experiments was available from the output of the shaft
encoder and therefore the above statistics could be readily computer.
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The triple decomposition of the velocity
In the first figure the total velocity uz is showed between 0◦ and 180◦. The black line showed
the uz velocity. In all point of all mesh 100,000 data have been obtain, every red circles
represent one of the 100,000 velocity. It should be noted a not linear distribution, the red
circles create a almost periodical and sinusoidal distribution. Due to the turbulent the red
circles don’t draw a line but a band. The sinusoidal trend is showed in figure 3.2 and 3.5,
like the first figure where are the blades there are not the velocity. If the u˜z and uz are been
subtracted to the uz, the u′z remained. The turbulent velocity (u′z) is been showed in the last
figure 3.3 and 3.6, and all points are around the line of zero.
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Figure 3.1: Plot of the total velocity uz with phase angle ϕ for all the particles that crossed
the control volume and the black line showed the uz.
48
ϕ[◦]
u˜
[m
/s
]
0 20 40 60 80 100 120 140 160 180
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
Figure 3.2: Plot of the phase resolved velocity u˜z.
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Figure 3.3: Plot of the phase resolved velocity u′z.
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Figure 3.4: Plot of the total velocity uz with phase angle ϕ for all the particles that crossed
the control volume and the black line showed the uz.
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Figure 3.5: Plot of the phase resolved velocity u˜z.
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Figure 3.6: Plot of the phase resolved velocity u′z.
3.3 Vorticity
In fluid dynamics, vorticity is the Curl of the fluid velocity. It can also be considered as
the circulation per unit area at a point in a fluid flow field. It is a vector quantity, whose
direction is along the axis of the fluid’s rotation. For a two-dimensional flow, the vorticity
vector is perpendicular to the plane. For a fluid having locally a rigid rotation around an
axis, vorticity is twice the angular velocity of a fluid element. An irrotational fluid is one
whose vorticity=0. Somewhat counter-intuitively, an irrotational fluid can have a non-zero
angular velocity (e.g. a fluid rotating around an axis with its tangential velocity inversely
proportional to the distance to the axis has a zero vorticity). One way to visualize vorticity
is this: consider a fluid flowing. Imagine that some tiny part of the fluid is instantaneously
rendered solid, and the rest of the flow removed. If that tiny new solid particle would be
rotating, rather than just translating, then there is vorticity in the flow.
Mathematically, vorticity is a vector field and is defined as the curl of the velocity field:
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Figure 3.7: Translation and rotation of a part of fluid.
−→ζ =−→∇ ×−→v (3.9)
If the relative vorticity is been explained:
ζrel =
(∂v
∂x −
∂u
∂y
)
(3.10)
than ζrel is related to the rotation of the fluid particles about a vertical axis.
To see this, consider two horizontal marked lines of fluid and follow their motion (figure
3.8).
The name of this position at time t is AB and AC. Initially AB is parallel to the X-axis
and AC is parallel to the y-axis, and the lengths δx and δy are been assigned respectively. In
time δ t AB moves to A′B′ and AC moves to A′C′. In the general case, when the lines reach
the new position they are no longer parallel to the axes nor horizontal.
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Figure 3.8: Reference system to the rotation of the fluid.
If A is (x0, y0) then B is (x0 + δx, y0), and C is (x0, y0 + δy). A′ is readily seen to the
point (x0 + u0δ t, y0 + v0δ t), where the subscript zeros on the velocity components are to
remind us that they are evaluate at (x0, y0). B′ can be calculated in a similar way, except for
the difference that the velocity components are different at B than they are at A. This can be
explained for by a single first order Taylor expansion, giving the horizontal coordinates of B′
as:
(
x0 +δx+
(
u0 +
∂u0
∂x δx
)
δ t, y0 +
(
v0 +
∂v0
∂x δx
)
δ t
)
(3.11)
Thus the x-component of A′B′ is :
A′B′ = δx+O(δxδy)
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and the y-component of A′B′ is :
A′B′ =
∂v
∂xδxδ t +O(δx
2δy)
Hence the angle α in the sketch 3.8 is given by:
α =
∂v
∂ t δ t
and with ∂v∂ t the velocity of AB rotates is anti-clockwise. If the circular peck of fluid is
considered, for which AB and AC contribute equally, the average rate of anti-clockwise
rotation is:
1
2
(∂v
∂x −
∂u
∂y
)
the minus sign in the second term being needed because the convention is anti-clockwise is
positive.
To study the 3D situation and with the cylindrical coordinate, the follow equation are
considerate.
3.3.1 Vorticity with cylindrical coordination
To visualization a vortex inside the flow two different method have been used. The first plots
the vorticity ω . The second, the λ2 technique, plots the trend of pressure. It is showed in the
next season.
ωtot = ωr +ωθ +ωz (3.12)
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ωr = er
(
1
r
∂uz
∂θ −
∂uθ
∂ z
)
(3.13)
ωθ = eθ
(∂ur
∂ z −
∂uz
∂ r
)
(3.14)
ωz =ez
1
r
(∂ (r uθ )
∂ r −
∂ur
∂θ
)
(3.15)
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3.4 λ2 technique
The Navier-Stokes equation of momentum is:
D −→v
D t
= −
1
ρ ∇ P+ν ∇
2−→v (3.16)
∂ −→v
∂ t︸︷︷︸
eulerian
+−→v •∇ −→v︸ ︷︷ ︸
convect
= −
1
ρ ∇ P︸ ︷︷ ︸
pressure
+ ν ∇2−→v︸ ︷︷ ︸
di f f usion
(3.17)
Inside the equation four different parts haven been visualized and all equation 3.17 has
been written for the three direction.
(x)
∂ u
∂ t +
(
u
∂ u
∂ x + v
∂ u
∂ y +w
∂ u
∂ z
)
= −
1
ρ
∂ P
∂ x +ν
(∂ 2 u
∂ x2 +
∂ 2 u
∂ y2 +
∂ 2 u
∂ z2
)
(y)
∂ v
∂ t +
(
u
∂ v
∂ x + v
∂ v
∂ y +w
∂ v
∂ z
)
= −
1
ρ
∂ P
∂ y +ν
(∂ 2 v
∂ x2 +
∂ 2 v
∂ y2 +
∂ 2 v
∂ z2
)
(z)
∂ w
∂ t +
(
u
∂ w
∂ x + v
∂ w
∂ y +w
∂ w
∂ z
)
= −
1
ρ
∂ P
∂ z +ν
(∂ 2 w
∂ x2 +
∂ 2 w
∂ y2 +
∂ 2 w
∂ z2
)
(3.18)
If the ∇ P is:
∇ P = ∂ P∂ x
ˆi +
∂ P
∂ y
ˆj + ∂ P∂ z
ˆk (3.19)
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than:
∇ (Navier−Stokes) =⇒ 9 equations
The contribution of P inside the Navier-Stokes equation is:
−
1
ρ ∇ (∇ P) = −
1
ρ

∂ 2 P
∂ x2
∂ 2 P
∂ x∂ y
∂ 2 P
∂ x∂ z
∂ 2 P
∂ y∂ x
∂ 2 P
∂ y2
∂ 2 P
∂ y∂ z
∂ 2 P
∂ z∂ x
∂ 2 P
∂ z∂ y
∂ 2 P
∂ z2

︸ ︷︷ ︸
symmetrical
(3.20)
For example the equation 3.18 has been written to considering ai, j with i = 2 and j = 1 :
a︷ ︸︸ ︷
∂
∂ t
∂ v
∂ x +
b︷ ︸︸ ︷
∂
∂ x
(
u
∂ v
∂ x + v
∂ v
∂ y +w
∂ v
∂ z
)
= −
1
ρ
∂ 2 P
∂ y∂ x +
c︷ ︸︸ ︷
ν
∂
∂ x
(∂ 2 v
∂ x2 +
∂ 2 v
∂ y2 +
∂ 2 v
∂ z2
)
(3.21)
Now the Theory of λ2 want divides the symmetrical contribution to anti-symmetrical and
in the end it want make equal the symmetrical contribution with the pressure contribution.
Imposed that:
Si j =
1
2
(∂ ui
∂ x j
+
∂ u j
∂ xi
)
︸ ︷︷ ︸
de f ormation tensor(symmetrical)
(3.22)
Ωi j =
1
2
(∂ ui
∂ x j
−
∂ u j
∂ xi
)
︸ ︷︷ ︸
rotational tensor(anti−symmetrical)
(3.23)
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S21 + Ω21 =
∂ v
∂ x (3.24)
the b contribution is:
u
∂ 2 v
∂ x2 + v
∂ 2 v
∂ x∂ y + w
∂ 2 v
∂ x∂ z︸ ︷︷ ︸
b1
+
∂ v
∂ x
∂ u
∂ x +
∂ v
∂ y
∂ v
∂ x +
∂ v
∂ x
∂ w
∂ z︸ ︷︷ ︸
b2
=
∂
∂ x(· · ·)
the a and b1 contributions are:
a︷ ︸︸ ︷
∂ S21
∂ t +
∂ Ω21
∂ t +
b1︷ ︸︸ ︷
u
∂
∂ x
(∂ v
∂ x
)
+ v
∂
∂ y
(∂ v
∂ x
)
+ w
∂
∂ z
(∂ v
∂ x
)
∂ S21
∂ t +
∂ Ω21
∂ t + u
∂
∂ x (S21 +Ω21) + v
∂
∂ y (S21 +Ω21) + w
∂
∂ z (S21 +Ω21)
∂ S21
∂ t +
∂ Ω21
∂ t + u
∂ S21
∂ x + v
∂ S21
∂ y + w
∂ S21
∂ z + u
∂ Ω21
∂ x + v
∂ Ω21
∂ y + w
∂ Ω21
∂ z
∂ S21
∂ t +
−→u •∇ S21︸ ︷︷ ︸
unsteady irrotational straining
+
∂ Ω21
∂ t +
−→u •∇ Ω21︸ ︷︷ ︸
unsteady rotational
D S21
D t
+
D Ω21
D t
(3.25)
the b2 contribution becomes:
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∂ v
∂ x
∂ u
∂ x +
∂ v
∂ y
∂ v
∂ x +
∂ v
∂ z
∂ w
∂ x
(S21 +Ω21) (S11 +Ω11) + (S22 +Ω22) (S21 +Ω21) + (S23 +Ω23) (S31 +Ω31)
Ω2k Ωk1︸ ︷︷ ︸
sym
+ S2k Sk1︸ ︷︷ ︸
sym
+ Ω2k Sk1︸ ︷︷ ︸
anti−sym
+ S2k Ωk1︸ ︷︷ ︸
anti−sym
(3.26)
c represent the term of viscous effects and it becomes:
ν
∂
∂ x
(∂ 2 v
∂ x2 +
∂ 2 v
∂ y2 +
∂ 2 v
∂ z2
)
ν
∂
∂ x
( ∂ 2
∂ x2
∂ v
∂ x +
∂ 2
∂ y2
∂ v
∂ x +
∂ 2
∂ z2
∂ v
∂ x
)
ν
(∂ 2 S21
∂ x2 +
∂ 2 Ω21
∂ x2 +
∂ 2 S21
∂ y2 +
∂ 2 Ω21
∂ y2 +
∂ 2 S21
∂ z2 +
∂ 2 Ω21
∂ z2
)
ν
(∂ 2 S21
∂ x2 +
∂ 2 S21
∂ y2 +
∂ 2 S21
∂ z2
)
︸ ︷︷ ︸
symmetrical
+ ν
(∂ 2 Ω21
∂ x2 +
∂ 2 Ω21
∂ y2 +
∂ 2 Ω21
∂ z2
)
︸ ︷︷ ︸
anti−symmetrical
(3.27)
To reunite the symmetrical and the anti-symmetrical contribution the equation have been
become:
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sym =
D S21
D t
+ Ω2k Ωk1 + S2k Sk1+
+ ν
(∂ 2 S21
∂ x2 +
∂ 2 S21
∂ y2 +
∂ 2 S21
∂ z2
)
= −
1
ρ
∂ 2 P
∂ y∂ x
anti− sym =
D Ω21
D t
+ Ω2k Sk1 + S2k Ωk1+
+ ν
(∂ 2 Ω21
∂ x2 +
∂ 2 Ω21
∂ y2 +
∂ 2 Ω21
∂ z2
)
= 0
(3.28)
The contributions of the term represent unsteady irrotational straining, the term repre-
sent the viscous effects and all anti-symmetric term, are not considered by λ2 technique.
Consequently the equation 3.28 results:
Ω2k Ωk1 + S2k Sk1 = −
1
ρ
∂ 2 P
∂ y∂ x
(3.29)
About all direction A becomes:
A =
 Ω2
 +
 S2
 = − 1ρ ∇ (∇ P)
and if considerate the particular direction to have the diagonal matrix, the change of
coordinate has been done, and the equation result:
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−
1
ρ ∇ (∇ P) =⇒ P
⋆ = −
1
ρ

∂ 2 P
∂ x2⋆ 0 0
0 ∂ 2 P∂ y2⋆ 0
0 0 ∂ 2 P∂ z2⋆
 (3.30)
A =⇒ A⋆ =

λ1 0 0
0 λ2 0
0 0 λ3
 (3.31)
consequently the terms inside the matrix are:
λ1 = −
1
ρ
∂ 2 P
∂ x2⋆
λ2 = −
1
ρ
∂ 2 P
∂ y2⋆
λ3 = −
1
ρ
∂ 2 P
∂ z2⋆
(3.32)
To have the indication about the P is necessary investigate the sign of λ2 because if it is
negative also the sign of λ1 is negative and with two direction negative there is a decrease of
pressure.
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3.5 Least Squares Method
Inside the next chapter the Least Squares Method has been used to have a trend line of the
inclination and length of the wakes behind each blades of impeller (see the figure 4.15 4.16).
The objective consists of adjusting the parameters of a model function so as to best fit a
data set. A simple data set consists of n points (data pairs) (xi,yi), i = 1, ..., n, where xi is
an independent variable and yi is a dependent variable whose value is found by observation.
The model function has the form f (xi). The target is to have a function f such that:
f (xi)≈ yi (3.33)
It has necessary to find those parameter values for which the model "best" fits the data.
The least squares method defines "best" as when the sum, S, of squared residuals
S =
n
∑
i=1
r2i (3.34)
is a minimum, where
ri = yi− f (xi) (3.35)
That is it has been minimized the square of distance between f (xi) and yi. A data point
may consist of more than one independent variable. For an example, when fitting a plane to
a set of height measurements, the plane is a function of two independent variables, x and z.
In the most general case there may be one or more independent variables and one or more
62
dependent variables at each data point. To have a optimize line and not a bandage, it is
necessary a number of experimental data bigger than the number of parameter of line.
3.6 Concluding Remarks
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Figure 3.9: Plot of λ2 technique in rT = 0.2508.
A contour plot of the λ2 for the azimuthal plane at coordinate r/T = 0.2508, is showed
in figure (3.9). The technique clearly identifies two regions of negative λ2 which are as-
sociated to two vortices present at the top and the bottom edges of the blade. It should be
noted however that λ2 does not provide information on the direction of rotation of the vor-
tices and therefore in the remainder of the work the vorticity has been preferred for vortex
identification.
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Chapter 4
Trailing Vortex of a PBT at Re = 1200
4.1 Mesh
This thesis want observer the zone where wakes are formed. To analyze this region a mesh
of point are considered. The mesh are a rectangle with 75 points along z axis and 48 along r
axis.
The observed area are small but with a big number of point. A very fine mesh with a
step of 0.0066 D was used over a range 0.3095 < zT < 0.5616, 0.1522 <
r
T < 0.3120 with
0◦ < θ < 90◦. 3600 point were taken in 3452,1 mm2. The position of mesh are showed in
figure 4.1 and the numeration of mesh are showed in tabular 4.1. To each point the U and W
velocity are relieved one time whereas V velocity are relieved two time, with the laser along
r axis and with the laser along z axis.
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zr
12 steps 1 mm 6 steps 1 mm 6 steps 1 mm 6 steps 1 mm 6 steps 1 mm 12 steps 1 mm
45.00=⇒56.00 57.00=⇒62.00 63.00=⇒68.00 69.00=⇒74.00 75.00=⇒80.00 81.00=⇒92.00
-18
⇓ 25 steps 1 mm mesh 1 mesh 2 mesh 3 mesh 4 mesh 5 mesh 6
+6
+7
⇓ 25 steps 1 mm mesh 12 mesh 11 mesh 10 mesh 9 mesh 8 mesh 7
+31
+32
⇓ 25 steps 1 mm mesh 13 mesh 14 mesh 15 mesh 16 mesh 17 mesh 18
+56
Table 4.1: Table of Mesh with dimension and point position (coordinate with the zero in the middle of the impeller).
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Figure 4.1: The impeller with all point of mesh.
4.2 Velocity and Vorticity
4.2.1 Tangential component of velocity
The tangential component is:
V⊥ = Ω r (4.1)
where r is the distance which it is been considered and where:
Ω = ∂φ∂ t =
2pi
T
= 2pi f (4.2)
where T is a period of rotation, 2pi is the angle and f = 1T (see the figure 4.2).
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Figure 4.2: Circular motion.
4.2.2 Phase resolved flow field on azimuthal planes (θ ,z)
The vector plot of the phase resolved velocity component on the azimuthal plane (r/T =
0.2508) together with the contour plot of the phase resolved radial component of the vorticity,
ωr, are shown in figure 4.3 (a). It should be noted that in all the plots shown in figures 4.3,
the impeller is rotating counter-clock wise as seen from above, and therefore the blades
are moving from the left to the right hand side. From figure 4.3 (a) it is evident that for
positions closer to the blade (z/T =0.45-0.55 and rθT = 0.35-0.45) the velocity vectors are
nearly horizontal as they satisfy the no-slip condition at the blade wall (i.e. The fluid is
moving with the blade). However as the distance from the blade is gradually increased the
flow stream assumes a diagonal direction nearly perpendicular to the front surface of the
blade towards the bottom of the tank. The velocity magnitude decreases as the points further
away from the impeller blade are considered. The contour plot of ωr highlight two regions of
opposite vorticity of similar intensity present at the top and bottom edges of the blade. These
recirculation zones are nearly parallel with respect to each other and tilted downwards of
approximately 22◦ with respect to the horizontal direction. It should be noted however that
the bottom recirculation zone with negative vorticity extends from a shorter distance from
the backward facing wall of the blade.
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Figure 4.3: The vector plot of the phase resolved velocity component on the azimuthal plane (r/T = 0.2508) together with the contour plot
of the phase resolved radial component of the vorticity, ωr, are shown in sketch (a).
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A different reference system, stationary with the blades, is considerate in figure 4.4 (b),
where the local rotation speed of the blade (Ω r with r/T = 0.2508) has been subtracted from
the tangential velocity uθ . In other words the blade is still and the fluid is approaching it with
a velocity Ω r.
This is well shown in the vector plot of figure 4.4 (b) as almost all the velocity vectors
have the tangential component pointing towards the blade, opposite to Vtip. However it is in-
teresting to point out the recirculation regions created above and below the blade are oriented
as the velocity field stationary with the blade.
This behavior is expected as the vorticity produced at the edges is converted every by the
flow field stationary with the blade (−→u eˆθ −Ω r). The contour plot of ωr highlight two region
of opposite vorticity of similar intensity present at the top and bottom edges of the blade.
It is the same of contour plot of figure (a) because the Ωr is the constant (see the follow
equation 4.3). This theory is confirm to the contour plot in figure (b).
ωr =
−→ω • eˆr =
(
1
r
∂uz
∂θ −
∂ (uθ −Ω r)
∂ z
)
=
1
r
∂uz
∂θ −
∂uθ
∂ z − 
 
 
0
∂Ω r
∂ z

=
(
1
r
∂uz
∂θ −
∂uθ
∂ z
)
(4.3)
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Figure 4.4: The vector plot of the phase resolved velocity component on the azimuthal plane (r/T = 0.2508) together with the contour plot
of the phase resolved radial component of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch (b).
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In figure 4.5(c) the velocity and vorticity shown are associated to the periodic flow field u˜.
It is evident that the vorticity contour change significantly when compared to those shown in
figure (a) and (b).
This occurs because the mean velocity u, which is included in figure (a) and (b), varies in
the z direction and therefore different quantities have been subtracted from the local velocities
of corresponding locations. This can be better explained when considering equation 4.4,
where the total vorticity has been decomposed in a periodic, ω˜ , and a mean, ω , contribution.
According to equation 4.4 only ω˜ is shown in figure 4.5. This contour plot confirm
that similar region of maximum and minimum ω˜ can be found at the edges of the blade,
moreover it is worth to note that those region are oriented in space similar to those described
in figure 4.3(a). From these consideration it can be concluded that the periodic vorticity ω˜
has a major contribution to the total vorticity ωtot .
It should be noted that all mean quantities are constant in the θ direction, as this is
directly associated to the phase angle behind the blade and therefore time. As a consequently
derivate of any mean quantities with respect to θ are zero. See for example equation 4.4
where 1
r
∂uz
∂θ = 0. This might explain horizontal color lines present in figure 4.5 which are
directly correlated to the subtraction of ∂uθ∂ z for the contour of figure 4.3.
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ωr =
−→ω • eˆr =
(
1
r
∂uz
∂θ −
∂uθ
∂ z
)
=
(
1
r
∂ (u˜z +uz)
∂θ −
∂ (u˜θ +uθ )
∂ z
)
=

(
1
r
∂ u˜z
∂θ −
∂ u˜θ
∂ z
)
︸ ︷︷ ︸
ω˜r
+

 
 
  
0
1
r
∂uz
∂θ −
∂uθ
∂ z︸︷︷︸
constant in θ

︸ ︷︷ ︸
ωr

(4.4)
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Figure 4.5: The vector plot of the phase resolved velocity component on the azimuthal plane (r/T = 0.2508) together with the contour plot
of the phase resolved radial component of the vorticity, ωr, minus u (value of mean velocity in every points), are shown in sketch (c).
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The contour and the velocity plots of figures 4.6 to 4.14 represent the velocity field sta-
tionary with the blade (−→u eˆθ −Ω r) at rT = 0.1522, 0.1692, 0.1896, 0.2100, 0.2304, 0.2508,
0.2712, 0.2916, 0.3120. Figures 4.6 to 4.14 (a) show the velocity and vorticity plots, while
figures 4.6 to 4.14 (b) show the number of velocity readings that were used to calculate the
local averages. It should be noted that for every point of the mesh the number of velocity
readings is at least 1500, which is well above the minimum requirement of 1000 readings that
was set at the beginning of the experiment to have accurate results. It is interesting to note
the peaks in data acquisition are present in location where the absolute vorticity is highest
(cf figures 4.6 (a) and 4.6 (b)).
As a reference, the section of the blade has been superimposed in every figures. The
position of the blade can easily be extracted from the zero date readings present in figure
from 4.6 to 4.14 (b). From figures 4.6 to 4.14 (a) it evident that for positions closer to the
top and the bottom edges of the blade there are two wakes of opposite vorticity. It is also
evident that these wakes tilt downwards with increasing rT . To estimate this change, the
angle, γ , between the horizontal direction and the vorticity region axis has been measured
for increasing rT .
To evaluate the errors affecting γ , two different methodologies have been used to estimate
γ at all 48 radius experimentally investigated. In the first method the wake axis was estimated
as the line that bisects the vorticity region (blue and red zones). In the second method the
axis was estimated as the line that connects the edges of blade to the tips of the zones of
maximum absolute vorticity. Comparing these two methods different it was estimated that γ
angle is affected by an error of ±5◦.
The variation of tilt angle,γ , with rT is shown in figure 4.15. The blue line provides the
variation of the tilt angle of the bottom-wake (negative radial-vorticity),while the red line is
associated to the tilt angle of the top-wake (positive radial-vorticity). The vertical black line
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represent the tip of the blade ( rT = 0.2508). Considering the error it is evident the inclination
γ , of the lower vorticity region is nearly constant ≈ 22◦ as rT is increased. On the contrary
the angle γ of the upper wake decreases as locations further away from the impeller axis are
considered. It is evident that the two trends lines, obtained from a least squared method, cross
each other where the wakes of vorticity are parallel. This point is located at rT = 0.2508 that
coincides with the tip of the blade. This is in agreement with contour shown in figure 4.4(b).
This different behavior between the two vortex cores can be explained by considering that the
bottom vortex is free to extend below the bottom edge of the blade, whereas the top vortex is
confined between two consecutive blades. The distance between two consecutive blades is
shortest at the inner most radius, and increases linearly as rT is increased. Consequently, at
small r, the direction of the wake is forced towards the bottom over a short distance, while for
greater radial positions the azimuthal distance between two consecutive blades increases and
therefore the wakes are allowed to assume an orientation more horizontal. The two wakes
are parallel on the tip of the blade and this behavior is expected because in this point both
wakes are free and they are not affected by the trailing blade. In figure 4.15 the angle of tilt
of the top vortex core continues to decrease for r/T > 0.2508 and the vortex region becomes
nearly horizontal for locations further away from the impeller.
The variation of the wake length, LW , with rT is shown in figure 4.16, where the colour
code is consistent with figure 4.15. The top/bottom wake length was estimated from the dis-
tance between the top/bottom blade edge and the point further away from the edge for the
maximum/minimum vorticity contour level. Taking into account the error affecting the esti-
mates of LW , ±0.02LWT , it is evident that the lengths of the upper and lower wakes increase
with increasing radial distance from the impeller, and that the lower wake is longer than the
top one over the entire range of r/T investigated. The growth of the wake lengths was de-
termined from the slope of the lines best fitting the experimental data, and it was found that
both wakes increase in length with the same rate (≈ 1.4).
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The contour plots in figures 4.17, 4.18, 4.19 and 4.20 show the vorticity around the blade
and it is visualization in 3D version to have a real sensation about the position of the vortex
respect the blade. The color of vortex is inverted because in this visualization the coordinate
r is been inverted.
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Figure 4.6: The vector plot of the phase resolved velocity component on the azimuthal plane
(r/T = 0.1522) together with the contour plot of the phase resolved radial component of the
vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch (a),
the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.7: The vector plot of the phase resolved velocity component on the azimuthal plane
(r/T = 0.1692) together with the contour plot of the phase resolved radial component of the
vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch (a),
the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.8: The vector plot of the phase resolved velocity component on the azimuthal plane
(r/T = 0.1896) together with the contour plot of the phase resolved radial component of the
vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch (a),
the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.9: The vector plot of the phase resolved velocity component on the azimuthal plane
(r/T = 0.2100) together with the contour plot of the phase resolved radial component of the
vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch (a),
the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.10: The vector plot of the phase resolved velocity component on the azimuthal
plane (r/T = 0.2304) together with the contour plot of the phase resolved radial component
of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch
(a), the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.11: The vector plot of the phase resolved velocity component on the azimuthal
plane (r/T = 0.2508) together with the contour plot of the phase resolved radial component
of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch
(a), the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.12: The vector plot of the phase resolved velocity component on the azimuthal
plane (r/T = 0.2712) together with the contour plot of the phase resolved radial component
of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch
(a), the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.13: The vector plot of the phase resolved velocity component on the azimuthal
plane (r/T = 0.2916) together with the contour plot of the phase resolved radial component
of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch
(a), the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.14: The vector plot of the phase resolved velocity component on the azimuthal
plane (r/T = 0.3120) together with the contour plot of the phase resolved radial component
of the vorticity, ωr, minus Ωr (radial velocity of blade in function of r), are shown in sketch
(a), the sketch (b) show the number of velocity readings that were used to calculate the local
averages.
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Figure 4.15: The inclinations respect to the horizontal line of the wakes of the vorticity are show in this figure, the blue line show the trend
of the negative vorticity below the blade and the red line show the trend of the positive vorticity above the blade.The vertical black line
represent the tip of the blade ( rT = 0.2508).
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Figure 4.16: The lengths of the wakes of the vorticity are show in this figure, the blue line show the trend of the negative vorticity below
the blade and the red line show the trend of the positive vorticity above the blade.The vertical black line represent the tip of the blade
( rT = 0.2508).
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Figure 4.17: The contour plot of the phase resolved radial component of the vorticity ωr,
minus Ωr (radial velocity of blade in function of r), are shown in this sketch around the 3D
visualization of the blade, on the azimuthal plane (r/T = 0.1658).
Figure 4.18: The contour plot of the phase resolved radial component of the vorticity ωr,
minus Ωr (radial velocity of blade in function of r), are shown in this sketch around the 3D
visualization of the blade, on the azimuthal plane (r/T = 0.2168).
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Figure 4.19: The contour plot of the phase resolved radial component of the vorticity ωr,
minus Ωr (radial velocity of blade in function of r), are shown in this sketch around the 3D
visualization of the blade, on the azimuthal plane (r/T = 0.2440).
Figure 4.20: The contour plot of the phase resolved radial component of the vorticity ωr,
minus Ωr (radial velocity of blade in function of r), are shown in this sketch around the 3D
visualization of the blade, on the azimuthal plane (r/T = 0.2508).
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4.2.3 Phase resolved flow field on vertical planes (r,z)
The vector plot of the phase resolved velocity component on the vertical plane together with
the contour plot of the phase resolved axial component of the vorticity, ωθ , are shown in all
figure of this section. It should be noted that in all the plots shown, the angle start in the
middle of blade and increase on the back of blade toward the next blade. The view is on the
back of blade....................................
The contour and the velocity plots of figures 4.21 to 4.23 represent the velocity field
stationary at different θ . Figures 4.21 to 4.22 show the velocity and vorticity plots and the
blades are visible with the beginning of wake (the wake near to the top edge of the blades,
red wake with the positive rotation ). It should be noted at 4 and 7 degree the tall of red wake
and the beginning of the blue wake ( wake with the negative rotation). Figures 4.23 show the
blue wake until the tall. The last part of the blue wake tall is showed into the sketch with 75
to 90 degree where the yellow and red zone delimited the beginning of red-wake.
It should be noted the section’s tall of wake in each sketch in all figures more definite and
with negative and positive vorticity magnitude with blue and red color respectively.
It is interesting to note the beginning of the red-wake an the top of the blade in the figure
4.21 (c) where the position of the blade can easily be extracted from the zero date readings
present in figure. The position of the no-data in the sketch with 90 and 1 degree at zT = 0,5
denoted the good quality of the alignment because the zero of the degree corresponded with
the half blade. It should be noted the mesh-zone represented with number 1, 2, 3, 14, 15, 16,
17, 18 without the radial velocity. In these zone the contour of vorticity is impossible and the
sketch will be finish when the acquisition data will are terminate.
From figures 4.21 to 4.23 it evident that the dimension of two wakes are different (red
90
wake on the top-edge is triple of the blue-wake). It is also evident the wakes tilt because the
section of wake change the posit (the section come down and go toward the bigger rT ) if the
consecutive planes with higher θ are considerate.
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Figure 4.21: The vector plot of the phase resolved velocity component on the vertical plane
(to different rθ/T ) together with the contour plot of the phase resolved angular component
of the vorticity, ωθ , are shown in all sketch.
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Figure 4.22: The vector plot of the phase resolved velocity component on the vertical plane
(to different rθ/T ) together with the contour plot of the phase resolved angular component
of the vorticity, ωθ , are shown in all sketch.
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Figure 4.23: The vector plot of the phase resolved velocity component on the vertical plane
(to different rθ/T ) together with the contour plot of the phase resolved angular component
of the vorticity, ωθ , are shown in all sketch.
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4.2.4 Phase resolved flow field on horizontal planes (r,θ )
The vector plot of the phase resolved velocity component on the horizontal plane together
with the contour plot of the phase resolved axial component of the vorticity, ωz, are shown in
all figure of this section. It should be noted that in all the plots shown, the impeller is rotating
counter-clock wise. The view is on the top of impeller and the velocity magnitude is showed
minus Ωr...................................
The contour and the velocity plots of figures 4.24 to 4.27 represent the velocity field
stationary with the blade (−→u eˆθ −Ω r) at different zT . Figures 4.24 (a) to (f) show the velocity
and vorticity plots and the blades are visible with the beginning of wake (the wake near to the
bottom of the blades ). It should be noted the section’s tall of wake in each sketch in figures
4.25 and 4.26 more definite and with negative vorticity magnitude. It is interesting to note
the beginning of the other wake an the top of the blade ( near to the edge)in the figure 4.27
where the position of the blade can easily be extracted from the zero date readings present in
figure. From figures 4.24 to 4.26 and 4.27 it evident that the two wakes are opposite vorticity
(red wake on the top-edge and the blue wake on the bottom-edge in according with the sketch
in the planes (θ ,z)). It is also evident the wakes tilt because the section of wake change the
posit (the section turn clockwise) if the consecutive planes with lower zT are considerate.
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Figure 4.24: The vector plot of the phase resolved velocity component on the horizontal plane
(to different z/T ) together with the contour plot of the phase resolved vertical component of
the vorticity, ωz, minus Ωr (radial velocity of blade in function of r), are shown in all sketch.
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Figure 4.25: The vector plot of the phase resolved velocity component on the horizontal plane
(to different z/T ) together with the contour plot of the phase resolved vertical component of
the vorticity, ωz, minus Ωr (radial velocity of blade in function of r), are shown in all sketch.
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Figure 4.26: The vector plot of the phase resolved velocity component on the horizontal plane
(to different z/T ) together with the contour plot of the phase resolved vertical component of
the vorticity, ωz, minus Ωr (radial velocity of blade in function of r), are shown in all sketch.
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Figure 4.27: The vector plot of the phase resolved velocity component on the horizontal plane
(to different z/T ) together with the contour plot of the phase resolved vertical component of
the vorticity, ωz, minus Ωr (radial velocity of blade in function of r), are shown in all sketch.
In these figure the beginning of the wake are highlighted.
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4.3 Concluding Remarks
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Chapter 5
Conclusions
5.1 Conclusions
The current project allowed to obtain very refined phase averaged LDA measurement of the
radial, tangential and axial velocity components in the the trailing region of a pitched blade
turbine. The study highlights the presence of two vortical structures present above and below
the upper and lower edges of the blade. Two counter-rotating trailing vortices have been
identified in impeller swept volume (0.1522<r/T <0.2508) where the vorticity is dominated
by the radial and axial components (ωz and ωr≈ -130 s−1). The tangential component of the
vorticity becomes comparable to the other two in the impeller stream next to the tip of blade
(r/T >0.2508).
The lengths of the upper and lower vortex cores were estimated and compared. It was
found that the lower vortex core is always longer than the upper one by a constant amount of
0.05 T . Both vortex cores grow in length with increasing radial distance from the impeller
axis. The growth rate was found to be constant (≈1.4) and equal for both vortices.
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Finally a study of the tilt angle, γ was investigated for varying r/T . it was found that the
lower vortex inclination did not change in the azimuthal plane while the upper one decreased
linearly with increasing r/T . The two wakes were found to be parallel at radial coordinate
equal to the impeller radius. This different behavior was explained by considering that the
lower vortex is free to extends towards the bottom of the tank, while the top one is confined
in the area between the leading and trailing blades.
5.2 Recommendation For Future Works
Once the experiments will be completed the current data will allow to determine the fluid
deformation rate occurring in the trailing vortex region and to better understand the mixing
dynamics for a low Re regime.
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